Malate is a characteristic metabolite in the photosynthesis of C4 and CAM plants. Furthermore, changes in the intracellular concentration of this organic acid provide part of the osmotic motor for guard cells. Since alterations in the malate concentration influence the photosynthetic capacity on one side and stometal action on the other, it was studied whether the extracellular malate level represents an indicator of changes in the ambient CO2 concentration and a key regulator of ion transport in guard cells.
Introduction
Plants respond to changes in the ambient CO 2 concentration by an increase in water-use efficiency adjusting stomatal aperture in relation to the photosynthetic capacity (Raschke, 1979) . Elevated CO2 levels have been shown to favour plant productivity (Polley et al., 1993) . This gain in CO2 fixation strongly correlates with the saturation kinetics of the photosynthetic apparatus (Polley et al., 1993) . There is already a vast amount of reports on how CO2 history may have affected the evolution of C3, C4 and CAM plants. However, the majority of these studies concentrating on the long-term effects of global CO2 changes were only phenomenological and thus lack information about the nature of the CO2 sensor and the related transduction mechanism. Before gaining insights into how plants respond to longterm exposure to artificially increased CO2 atmospheres, the mechanism underlying short-term responses to CO2 changes has to be elucidated.
Here we focused on the identification of the CO2 sensor of the guard cell which controls stomatal aperture and thus transpiration with respect to the photosynthetic capacity of the leaf. Another important question is related to the link between the CO2 concentration, mesophyll photosynthesis and stomatal aperture. In order to adjust stomatal aperture to the photosynthetic capacity guard cells need to integrate direct CO2 effects on their own biochemical and osmotic machinery (Raschke et a/., 1988) as well as signals from the mesophyll, representing the current metabolic and redox status of the tissue.
What is the nature of the supposed signal? In the adult guard cells there is neither a symplastic connection to the common epidermal nor to the mesophyll cells. Thus a mesophyll-guard-cell interaction requires a factor which can bridge the 'apoplastic cleft' by diffusion. Guard cells might perceive these signals through plasma membrane receptors (e.g. ion channels) or internal sites (Blatt and Armstrong, 1993; Marten eta/., 1991) . In a previous work Hedrich and Marten (1993) found that apoplastic malate activating GCAC1 could present the message released upon an increase in CO2.
Recently, extracellular signals have raised attention, since receptors and steps in transduction pathways for diverse matter and chemical structures such as ethylene (ripening), auxin (growth and development), salicylic acid (wound response) and blue light (morphogenesis) have been identified (for overview see Jones, 1994) . In animals analogous extracellular signals are represented by compounds of different complexity as well (e.g. steroid-hormones, neurotransmitter/amino acids or nitric oxide). Since highly organized organs like the human brain signal numerous bits of information within a network, enabling neuronal processes such as learning and memory, on the basis of changes in the extracellular glutamate or aspartate level, we cannot exclude the possibility that members of the primary metabolism such as malate are involved in plant signal transduction as well.
In this report we elucidate whether malate, an important metaboUte in CO2-fixation, acid metabolism, control of cytoplasmic pH and the redox state (i) is released in response to CO2 changes, (ii) affects stomatal movement, and (iii) is recognized via receptor channels in the guard cell plasma membrane.
Results
Does extracellular malate serve as a key metabolite in the signal transduction pathway controlling water-use efficiency?
Vicia faba plants were exposed to ambient CO2 (362 p.p.m., Figure la target), elevated CO2 (1%, filled symbols), or CO2-free air (open symbols). At the incubation times indicated leaves were excised and the extracellular fluid (apopiast) was analysed with respect to its malate content (Figure la) . Under the conditions shown in Figure l (a) average malate concentrations under ambient CO2 were in the 0.4-0.6 mM range (horizontal bar). The existence of malate gradients along the leaf apoplast, resulting from uneven malate synthesis or release from guard cells, mesophyll and/or epidermal cells could, however, not be excluded. In this context it should be noted, that the absolute values in different experiments showed a large variability while the relative increase in malate content at elevated CO2 was similar. Upon the switch to high CO2 the apoplastic malate content reproducibly increased by 50-100% within the first 15 rain. A comparable increase in the malate content (e.g. from 1.00 +_ 0.60 to 3.10 _+ 2.30 raM) was found when the CO2 concentration was raised to only 672 p.p.m., indicating that the malate pool is saturable. An observation in line with the fact that stomatal closure saturates already at 1000 p.p.m. (Raschke, personal communication) . In CO2-free air the malate level decreased to about 50%. Under both conditions the kinetics of changes in the malate pool were too fast to be resolved by this method (< 5 min; Speer and Kaiser, 1991) . Sometimes the rapid change to high CO2 caused the malate content to oscillate (Figure la , open bars between upright filled triangles), well in agreement with fluctuations in stomatal aperture under similar conditions (Raschke, 1965; Kaiser, personal communication) . Measuring the diurnal cycle of the apoplastic malate pool of greenhouse plants (light period 5 a.m. to 10 p.m.), we observed a steady increase in malate concentration from, e.g. 0.54 + 0.29 at noon to 2.39 + 0.63 mM (n = 6) at night. In the beginning of the light period (8 a.m.) values as low as 0.75 + 0.21 mM (n = 5) were recorded, suggesting that the malate pool is under light control, too (Raschke et al., 1988; Scheibe, 1987) .
Since the apoplastic malate pool seems to reflect the current CO2 atmosphere, we proved in the following whether the increase in the malate content is able to induce stomatal closure via regulated salt release through plasma membrane ion channels in guard cells. Epidermal strips were excised from the adaxial surface of leaves from predarkened V. faba plants. Stomatal opening was induced by light treatment. During the opening phase extracellular chloride was replaced by gluconate or either malate or isophthalate in addition to gluconate while the potassium content remained unchanged (Figure l b) . Changes in aperture were recorded with respect to the amplitudes before stimulus onset (Figure lb, arrow) . In contrast to gluconate (squares) which only prevented a further increase in the pore diameter, malate (filled triangles) caused stomata to close down to the dark level (filled circles). Application of 100 llM isophthalate (open triangles), a powerful malateagonist of malate-dependent anion transport in vacuoles (Martinoia, personal communication), reduced stomatal opening to the same extent as 10 mM malate. The sensitivity for malate-induced stomatal closure could be expressed by a Michaelis-Menten type behaviour with a half-saturation constant, Kin, of 0.3 mM (Figure lc) .
In order to study the CO2/malate-induced volume decrease in more detail we applied the patch-clamp technique (Hamill eta/., 1981) to guard cell protoplasts to monitor the electrical properties of the plasma membrane during effector treatment. GCAC1 (guard _cell ~.nion channel 1; Hedrich and Jeromin, 1992) , a key element in signal transduction and excitation of this cell type (Hedrich, 1994; Marten et al., 1991 Marten et al., , 1992 )is modulated by extracellular malate (Hedrich and Marten, 1993) . Because of this effect and since malate and isophthalate were anionic under our experimental conditions and the latter was shown to interfere with vacuolar anion transport, we concentrated on the action of malate and its 'agonist' on this plasma membrane channel.
GCAC1 is characterized by a cell-specific voltagedependence as well as peculiar kinetics, which allowed us to design experimental conditions to record selectively GCAC1 from the guard cell plasma membrane . In order to activate GCAC1 fully in a Ca 2*-and nucleotide-dependent manner the whole-cell configuration of the patch-clamp technique (Hamill et al., 1981) was established on protoplasts with 150 mM TEACI or KCI in the pipette and 40 mM CaCI2 in the
[%) e),OlOl~l and after the exchange of 84 mM chloride with 1 mM (filled circles) or 82 mM malate (filled squares) resulting from 1 sec voltage ramps from -196 to +64 mV. Curves were normalized with respect to their peak current. Each current-voltage curve is representative of five to seven independent experiments under identical conditions. The pipette solution was composed of 150 mM TEACI, 2 mM MgCI2, 10 mM MgATP, 10 mM Na2GTP, 0.1 mM EGTA and 10 mM HEPES, pH 7.2/TRIS. The bathing medium contained 40 mM CaCI 2 plus 2 mM MgCI2 (open circles) or I mM TEAimalate plus 1 mM Cagluconate2 (filled circles) or 82 mM TEA2malate plus I mM Cagluconata2 (squares). The extracellular media were buffered with 10 mM MES, pH 5.6/'I"RIS.
bath. Lowering the calcium concentration to physiological levels (1 mM), the extracellular membrane surface was superfused with malate-containing media. In the presence of malate the voltage gate of GCAC1 shifted towards the resting potential of the cell (Blatt, 1991; Lohse and Hedrich, 1992; Thiel et al., 1992) in a fully reversible manner while a change in the extracellular calcium or chloride concentration did not alter the voltage dependence of the channel (Hedrich and Marten, 1993;  Hedrich et al., 1990). This malate-induced gate shifting was dependent on the malate concentration ( Figure 2 ) and showed a saturation behaviour with a half-saturation constant, Kin, of about 0.4 mM (Hedrich and Marten, 1993) , well in line with the bioassay (Km real = 0.3 mM). This striking similarity might indicate that the malate sensitivity has been preserved during protoplast isolation and that malate could represent a potential regulator of stomatal aperture and GCAC1 at physiological malate concentrations (0.3-3.1 mM in this report and 0-3.4 mM in another; Speer and Kaiser, 1991) . Within this range GCAC1 is most sensitive towards malate changes which Each current trace is representative of seven (A) and four (B) independent experiments. The pipette solution was composed of 150 mM TEACI, 2 mM MgCI2, 10 mM MgATP, 10 mM Na2GTP, 0.1 mM EGTA and 10 mM HEPES, pH 7.2/TRIS. The bathing medium contained I mM Cagluconate2 ± 100 pM isophthalate (A) or 40 mM CaCI 2 and 2 mM MgCI 2 + 100 pM isophthalate (B). The extracellular media were buffered with 10 mM MES, pH 5.6/TRIS.
in turn would shift its range of activity by 38 mV (at Km mat) towards the resting potential of the cell. When isophthalate as low as 100 I~M was applied to guard cell protoplasts ( Figure 3A ) it was as effective as 0.5 mM malate. The shape of the current-voltage curve in the presence of malate and isophthalate (Figures 2 and 3 , lack or reduction of inward and outward currents positive to the peak current potential) not only results from effectorinduced gate shifting but a voltage-dependent block as well. Both effectors, malate and isophthalate, induced stomatal closure in the presence of 3 and 30 mM chloride (Table 1) . Thus malate is effective at halide concentrations found to accompany stomatal movement (Bowling, 1987 ). An increase in extracellular chloride, however, reduced the malate-(1 mM) as well as the isophthalateinduced (100 pM) gate shifting on GCAC1 by about 20 mV ( Figure 3A and 3B). Thus we deduced that chloride ions shield the 'gate-shifting site'. When in the presence of isophthalate the anion current was activated by depolarizing 70 msec voltage steps steady-state inward currents (chloride efflux) were only observed in the voltage window between -156 mV and -46 mV (Figure 4) as expected from the current-voltage curve in Figure 3(A) . The open probability at further depolarized potentials, however, remained unchanged with respect to effector-free conditions (Figure 4 ). Since the chloride gradient was unaltered throughout the activation-curve analysis (see legend to Figure 4) , at, e.g. 4 mV the high open probability in contrast to the steady-state current amplitude thus indicates that isophthalate caused a voltage-dependent block rather than a decrease in open probability of GCACI.
From the voltage-dependent activity of single anion channels in outside-out patches (Figure 5a , lower graph) we could deduce that the increase in macroscopic current (Figure 5a , upper graph) in the presence of malate results from channel openings in a voltage range of higher driving force for anion release. Reducing the extracellular CaCI2 concentration resulted in a decrease in the unit conductance of single anion efflux channels. It should be noted that elevated cytoplasmic Ca 2. was essential to activate GCAC1 , but upon activation physiological extracellular calcium concentration as low as 1 mM, maintained steady-state activity throughout an experiment. In excised cell-free patches the absence of extracellular chloride did not allow us to detect GCAC1 conductance (in the whole cell configuration due to unstirred layers and/or membrane invaginations it was not possible to impose chloride-free conditions (see Figure  3A ,a): an observation comparable with that on K +-induced K ÷ release channels in nerve cells (Pardo et al., 1992) ). At a concentration of about 3 mM, however, the halide was able to half-saturate the 'regulatory site' with respect to the unitary conductance (Figure 5b ). In the presence of extracellular chloride as low as 3 mM ( Figure  5a ) or in the absence of extracellular chloride (Figure 5c ) malate is able to replace the halide in modifying the open channel amplitude of GCACI. Thus the two external regulatory sites are sensitive to physiological concentrations of malate and chloride. The interaction of malate and isophthalate on these two sites of GCAC1 is in accordance with the different anion-channel blocker sensitivities in relation to inhibition and modification of gating . Thus changes in concentration of apoplastic chloride relative to malate, which accompany stomatal closure (Raschke, 1979) , may interfere with the action of this carbon metabolite on the 'gateshifting site'. (c) Malate-induced single-channel activity in the presence of 1 mM malate. Single-channel fluctuations from an outside-out membrane patch at voltages indicated. Note, that single-channel amplitudes can be resolved in the absence of extracellular chloride. The pipette solution was composed of 150 mM TEACI (a and c) or 150 mM KCI (b), 2 mM MgCI2, 10 mM MgATP, 10 mM Na2GTP, 0.1 mM EGTA and 10 mM HEPES, pH 7.2f'rRIS. The bathing medium contained 40 mM CaCI2 and 2 mM MgCI2 (a, right trace); 1.5 mM CaCI2 and 1 mM TEA2malate (a, left trace); 40 mM, 20 mM, 5 mM, 3 mM or 1 mM CaCI2 (b); 1 mM Cagluconate2 (c). The extracellular media were buffered with 10 mM MES, pH 5.6/TRIS.
Discussion
We have shown that guard cells possess anion channels which are controlled by extracellular levels of a primary metabolite, a type of regulation reminiscent of glycine-or glutamate-activated channels in nerve cells (Hille, 1992) . The apoplastic content of this carbon metabolite provides a measure of the ambient CO2 concentration and photosynthetic capacity. The effect of malate and its 'agonist' on GCAC1 is well in agreement with the downregulation of volume and turgor of guard cells in their natural environment in response to both external effectors (Figure l b) , indicating the vital role of this channel in stomatal movement. Moreover, the Km real for stomatal closure and for the gate shifting of the channel are almost identical and well within the physiological range of extracellular malate concentrations (Figure 1 ; Speer and Kaiser, 1991) . The voltage-dependent block of GCAC1 by isophthalate and malate at depolarizing potentials may prevent shifts in membrane potential into the nonphysiological (positive) voltage range and thus restrict the action of the key metabolite to the physiological voltage window, only. Cross-sensitivity of the malate-site ('gateshifting site') to elevated chloride may protect guard cells from depleting their residual (closed state) anion content by resetting the voltage gate (Figure 3 ). Malate comprises the major organic anion osmoticum in guard cells (Raschke, 1979) , where during stomatal closure malatepermeable GCAC1 may account for its partial release (Van Kirk and Raschke, 1978) . Since isolated guard cells and protoplasts still maintain their responsiveness to changes in CO2 (Fitzsimons and Weyers, 1986; Gotow et al., 1982;  for volume-and day-night cycle-dependent properties of malate-forming enzymes in guard cells see Raschke et al., 1988; Scheibe, 1987; Scheibe et al., 1990; Schnabl, 1981) , malate release may feed-forward chloride and malate effiux through GCAC1 (the mechanism is as yet unclear, but it is quite possible that a plasma membrane dicarboxylate carrier or fraction of GCAC1 in the voltage-independent S-type (Schroeder and Hagiwara, 1990) gating mode rather than R-type is involved (Dietrich and Hedrich, 1994; Schroeder and Keller, 1992) ). Under our experimental conditions we have not yet observed alterations in the malate-sensitivity of GCAC1, although desensitization and/or long-term modification (e.g. diurnal changes or cultivation under elevated CO2) could present versatile mechanisms to shift the dynamic range of a receptor channel. We thus conclude that the two regulatory sites on the extracellular face of GCAC1, when accessed by malate and/or chloride might provide feedback loops which adapt the voltage sensor and anion-transport capacity of GCAC1 to the CO2 concentration as well as the current anion gradient across the plasma membrane of guard cells to optimize water-use efficiency.
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Experimental procedures
Plants
Broad bean (Vicia faba L.; Kr6bel, G(3ttingen, Germany) plants were grown in the greenhouse. The photoperiod was 14 h and the photon flux density 300 Ilmol m -2 sec -1 (HQI-TS 250 W/D; Osram, MQnchen, Germany). Temperatures in the light and dark were 20°C and 14°C, respectively. The humidity was 60-70%.
Measurement of the apoplastic malate concentration
Plants were incubated for up to 2 h under ambient CO2, 1% CO2, and CO2-free air in a growth chamber. Leaves were excised and apoplastic solutions collected at times indicated to analyze malate levels as described before (Speer and Kaiser, 1991) . In contrast to Speer and Kaiser (1991) we used 250 mM MES/ KOH, pH 5.5, to infiltrate the leaves. Maiate changes were normalized with respect to the level before stimulus onset (see Figure 1 , target). In Figure 1 each symbol represents an independent experiment and data points the mean of 6-12 leaves (1-2 leaves per plant). The standard deviation of the mean (SSD) was about 30%.
Stomatal-opening assay
The lower epidermis of almost fully expanded leaflets from 2-to 3-week-old plants, predarkened for 14-16 h, was peeled off. To induce stomatal opening (Table 1 and Figure lb ) the epidermal strips were incubated in 50 mM KCI for 120 min in the light. Stomatal apertures were determined after 210 min in the presence of vadous effectors in the light as indicated in Table 1 and Figure l(b) . All solutions were buffered with 10 mM MES/ TRIS to pH 5.6.
Protoplast isolation and patch-clamp recordings
Guard cell protoplasts were enzymatically isolated from 2-to 3-week-old leaves of V. faba (Heddch et al., 1990) . Patch pipettes were sealed on to the plasma membrane to study ion fluxes in the whole-cell configuration and in outside-out patches (Hamill et al., 1981) . Current measurements were made with either an EPC-7 or EPC-9 patch-clamp amplifier (List electronic, Darmstadt, and HEKA Lambrecht, Germany) and low-pass filtered with an eight-pole Bessel filter. Data were digitized (VR10, Instrutech Corp., Elmont, NY, USA), stored on hard disc or video tape and analysed using patch-clamp software of Instrutech Corp. on a Mega Atari ST4. Patch pipettes were prepared from Kimax-51 34500 glass (Kimble products, Vineland, NY, USA) to obtain high-resistance seals. After guard cell protoplasts were applied to the recording chamber and stuck to its glass bottom the chamber was continuously perfused with the extracellular solution (0.13 ml min -1), Upon changes in the solute composition of the medium the perfusion rate was increased to 1.3-3.8 ml min -1 until a new steady state had been established. Repetitive voltage ramps of 1 sec duration from -196 to +64 mV and 70 msec voltage steps enabled us to record the activation state (current amplitude) and voltage-dependence of GCAC1 simultaneously during the course of an expedment. The membrane potentials in Figures 2-4 were corrected for the liquid junction potential determined after Neher (1992) .
Patch-clamp solutions
The pipette solution (cytoplasm) was composed of 150 mM TEACI, 2 mM MgCI2, 10 mM MgATP and Na2GTP, 0.1 mM EGTA, 10 mM HEPES, pH 7.2/'1"RIS. The standard bathing medium contained 40 mM CaCI 2, 2 mM MgCI2, 10 mM MES, pH 5,6/TRIS. Modifications of the extracellular medium are mentioned in the figure legends. Sorbitol was used to adjust solutions to a final osmolality of 400 mosmol kg -I, as vedfled by a water-vapour osmometer (5100 C, Wescor, Logan, U, USA). The reference electrode was filled with 3 M KCI and a 3 M KCI/2% agarose-plug.
